The purpose of this study was to evaluate whether berberine (BER) administration could attenuate depression-and anxiety-like behaviors and increase corticotrophin-releasing factor (CRF) and tyrosine hydroxylase (TH) expression following chronic morphine withdrawal in rats. Male rats were exposed to chronic, intermittent, escalating morphine (10∼ 50 mg/kg) for 10 days. After the last morphine injection, depression-and anxiety-like beahvior associated with morphine discontinuation persisted for at least three days during withdrawal without any change in ambulatory activity. Daily BER administration significantly decreased immobility in the forced swimming test and increased open-arm exploration in the elevated plus maze test. BER administration also significantly blocked the increase in hypothalamic CRF expression and TH expression in the locus coeruleus (LC) and the decrease in hippocampal brain-derived neurotrophic factor (BDNF) mRNA expression. Taken together, these findings demonstrated that BER administration significantly reduced morphine withdrawal-associated behaviors following discontinuation of repeated morphine administration in rats, possibly through modulation of hypothalamic CRF and the central noradrenergic system. BER may be a useful agent for treating or alleviating complex withdrawal symptoms and preventing morphine use relapses.
INTRODUCTION
Morphine, a potent pain reliever, is widely used to treat moderate to severe pain and a number of other pathological conditions. The continuous use of morphine causes drug craving, tolerance to opiate analgesia, and withdrawal syndrome, particularly in terms of relapse into drug-seeking behavior when the drug is discontinued [1] . Therefore, morphine abuse and subsequent withdrawal cause a negative emotional state and psychiatric side effects, including depression and anxiety [2] . Many studies have demonstrated that morphine withdrawal causes depression-and anxiety-related disorders in humans and corresponding behavioral responses in animals [3, 4] . Importantly, depression and anxiety that occur during morphine abstinence often lead to relapse to morphine use in humans [5] . Over the past several decades, several antidepressant classes [i.e., monoamine oxidase inhibitors, selective serotonin reuptake inhibitors (SSRIs), and tricyclic antidepressants (TCAs)] have been developed and clinically used to treat psychiatric side-effects, including depression and anxiety, following morphine withdrawal [2] . However, most antidepressants are not very effective against the wide variety of complex depression symptoms, and most are associated with serious side-effects such as drowsiness, dryness of the mouth, headache, nausea, and sexual dysfunction [6, 7] . Therefore, development of new alternative drugs or therapies is urgently needed.
In the present study, we explored the pharmacological activity of berberine (BER), an isoquinoline alkaloid derived from Korean traditional medicinal herbs, such as Berberis, Hydrastis Canadensis, Coptidis Rhizoma and Cortex Phellodendri [8] . BER is widely reported to improve multiple physiological actions and produce a variety of biological ef- fects in the central nervous system (CNS). BER has antioxidant, anticoagulant, antitumor, antiviral and anti-inflammatory activities, suggesting its potential value in medicinal use [9] . BER significantly reduces the total duration of immobility in the forced swimming test (FST) and tailsuspension test (TST) [10] , and ameliorates anxiety-related behavior through activation of the serotonergic system in mice [11] . Although a brief report was published on the antidepressant effects of BER, unresolved questions remain regarding the mechanisms underlying BER's effect as a therapeutic intervention for treating depression-and anxiety-like behaviors closely associated with morphine abstinence and development of morphine dependence after chronic BER prior to every morphine treatment.
The aim of the present study was to investigate the effects of BER on depression-and anxiety-like behaviors in rats exposed to repeated morphine administration and withdrawal due to morphine discontinuation using the FST and elevated plus maze (EPM) test. We also aimed to identify the underlying mechanism to elucidate how these behavioral effects were associated with the central noradrenergic system in the brain.
METHODS

Animals
Adult male Sprague-Dawley (SD) rats weighing 260∼280 g were obtained from Samtako Animal Co. (Seoul, Korea). The rats were housed in a limited access rodent facility with up to five rats per polycarbonate cage. The room controls were set to maintain the temperature at 22±2 o C and the relative humidity at 55±15%. Cages were lit by artificial light for 12 h each day. Sterilized drinking water and standard chow diet were supplied ad libitum to each cage during the experiments. The animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23), revised in 1996, and were approved by the Kyung Hee University Institutional Animal Care and Use Committee. All animal experiments began at least 7 days after the animals arrived.
The morphine treatment and experimental groups
The withdrawal group following repeated morphine administration was given morphine (dose ranging from 10 to 50 mg/kg-body weight, s.c., MOR group, n=6) twice a day for 10 consecutive days. Animals received two daily applications of increasing doses of morphine according the following treatment schedule: days 1 and 2, 2×10 mg/kg; days 3 and 4, 2×20 mg/kg; days 5 and 6, 2×30 mg/kg; days 7 and 8, 2×40 mg/kg; days 9 and 10, 2×50 mg/kg, as described previously [12] . No drugs were injected within 72 h after the last morphine injection and behavioral responses were tested during this period. The vehicle-treated rats (as a negative control of the addiction withdrawal model development) were administered with saline (0.9% NaCl, s.c.) instead of morphine in the same way (SAL group, n=6). The BER-treated groups were divided as follows: 10 mg/kg BER plus morphine-treated group (BER10, n=6), 20 mg/kg BER plus morphine-treated group (BER20, n=6), 50 mg/kg BER plus morphine-treated group (BER50, n=6), and 10 mg/kg fluoxetine (FLX) plus morphine-treated group (FLX, n=6).
FLX, a selective serotonin reuptake inhibitor, was used as positive control. BER and FLX were purchased from Sigma Chemical Co. (St. Louise, MO, USA). The rats were intraperitoneally administration with BER and FLX 30 min prior to the injection of morphine for 10 consecutive days, as the development phase. BER and FLX dissolved in 0.9% physiological saline solution before use. All drugs were freshly prepared right before every experiment. Behavior testing for depression-and anxiety-like behavior was done 72 h after the last morphine injection. The entire experimental schedules of all drug administration and behavioral examinations are shown in Fig. 1 .
Forced swimming test (FST)
FST, a representative behavioral test for depression, is frequently used to evaluate the activities of potential antidepressant drugs in rodent models. Forced immersion of rats in water for an extended period produces a characteristic behavior of immobility. The antidepressant treatments decrease the immobility behavior accompanying with an increase in the escape responses such as climbing and swimming. A transparent Plexiglas cylinder (20 cm diameter×50 cm height) was filled up to a depth of 30 cm with water at 25 o C. At this depth, rats could not touch the bottom of the cylinder with their tails or hind limbs. On day 1, the rats in all groups were trained for 15 min by placing them in the water-filled cylinder. On day 2, animals were subjected to 5 min of forced swim, and escape behaviors (climbing and swimming) were determined. The duration of immobility was scored during the 5 min test period. Climbing was defined as upward-directed movements of the forepaws the side of the swim chamber and swimming was considered as movements throughout the swim chamber including crossing into another quadrant. Immobility behavior was calculated as the length of time in which the animal did not show escape responses (e.g., total time of the test minus time spent in climbing and swimming behaviors). The animals' behavior was continuously recorded throughout the testing session with an overhead video camera. After the test, the rat was removed from the tank, dried with a towel and placed back in its home cage. The water in the swim tank was changed between rats.
Elevated plus maze test (EPM )
The EPM test is a widely used behavioral test to assess anxiogenic or anxiolytic effects of pharmacological agents. 
Immunohistochemistry of corticotrophin-releasing factor (CRF) and tyrosine hydroxylase (TH)
For immunohistochemical studies, the animals were deeply anesthetized with sodium pentobarbital (80 mg/kg, by intraperitoneal injection) and perfused through the ascending aorta with normal saline (0.9%) followed by 300 ml (per rat) of 4% paraformaldehyde in 0.1 M phosphatebuffered saline (PBS). The brains were removed in a randomized order, post-fixed over-night, and cryoprotected with 20% sucrose in 0.1 M PBS at 4 o C. Coronal sections 30 μm thick were cut through the hypothalamus and locus coeruleus (LC) using a cryostat (Leica CM1850; Leica Microsystems Ltd., Nussloch, Germany). The sections were obtained according to the rat atlas of Paxinos and Watson [13] . The sections were immunostained for CRF and TH expression using the avidin-biotin-peroxidase complex (ABC) method. Briefly, the sections were incubated with primary goat anti-CRF antibody (1：500 dilution; Santa Cruz Biotechnology Inc., California, CA, USA) and sheep anti-TH antibody (1：2,000 dilution; Chemicon International Inc., Temecular, CA, USA) for 72 h at 4 o C. The sections were incubated for 120 min at room temperature with biotinylated rabbit anti-goat IgG secondary antibody (for the anti-CRF antibody) and biotinylated goat anti-sheep IgG secondary antibody (for the anti-TH antibody). The secondary antibodies were obtained from Vector Laboratories Co. (Burlingame, CA, USA) and diluted 1：200 in PBST containing 2% normal serum. To visualize immunoreactivity, the sections were incubated for 90 min in ABC reagent (Vectastain Elite ABC kit; Vector Labs. Co., Burlingame, CA, USA), and incubated in a solution containing 3,3'-diaminobenzidine (DAB; Sigma-Aldrich Chemical Co., St. Louis, MO, USA). Finally, the tissues were washed in PBS, followed by a brief rinse in distilled water, and mounted individually onto slides. Images were captured using the AxioVision 3.0 imaging system (Carl Zeiss, Inc., Oberkochen, Germany) and processed using Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA). The sections were viewed at 200× magnification, and the numbers of cells within 100×100-μm 2 grids were counted by observers blinded to the experimental groups. Counting immunepositive cells was performed in at least three different hypothalamus or LC sections per rat brain. Stained sections were randomly chosen from equal levels serial sections along the rostral-caudal axis. The cells were obtained according to the stereotactic atlas of Paxinos and Watson [13] . The brightness and contrast between images were not adjusted to exclude any possibility of subjective selection of immunoreactive cells.
Total RNA preparation and RT-PCR analysis
The expression levels of BDNF mRNA was determined by the reverse transcription-polymerase chain reaction (RT-PCR). The brain hippocampus was isolated from three rats per group. After decapitation, the brain was quickly removed and stored at -80 o C until use. The total RNA was prepared from the brain tissue using a TRIzol Ⓡ reagent (Invitrogen Co., Carlsbad, CA, USA) according to the supplier's instruction. Complementary DNA was first synthesized from total RNA using reverse transcriptase (Takara Co., Shiga, Japan). PCR was performed using a PTC-100 programmable thermal controller (MJ Research, Inc., Watertown, MA, USA). The operating conditions were as follows: for glyceraldehydes-3-phosphate dehydrogenase (GAPDH) The PCR products were separated on 1.2% agarose gels and stained with ethidium bromide. The density of each band was quantified using an image-analyzing system (i-Max TM , CoreBio System Co., Seoul, Korea). The expression level was compared each other by calculating the relative density of target band, such as BDNF, to that of GAPDH.
Statistical analysis
All measurements were performed by an independent investigator blinded to the experimental conditions. Results in figures are expressed as mean±standard error of means (SE). Differences within or between normally distributed data were analyzed by analysis of variance (ANOVA) using SPSS (Version 13.0; SPSS, Inc., Chicago, IL, USA) followed by Tukey's post-hoc test. Statistical significance was set at p＜0.05. 
RESULTS
Effect of BER on morphine-induced depression-like behavior
Following withdrawal from repeated morphine exposure, rats exhibited a marked depression phenotype characterized by increased immobility time during the FST as compared with saline-treated controls (SAL group). Rats were subjected to the FST 72 h after the last injection of morphine or saline ( Fig. 2A and B) . Immediately after the last morphine administration (days 1 and 2), an increase in immobility and decrease in climbing behavior were observed in the experimental group as compared with the SAL group. Furthermore, on day 3 following withdrawal from repeated morphine administration, rats showed a significant increase in immobility and a decrease in climbing time during the FST as compared with the SAL group (Student's t-test, p＜0.01). Following withdrawal from morphine administration, the depression phenomenon per- sisted for at least three days (i.e., increased immobility without any effect on ambulatory activity).
The effects of BER administration prior to morphine injection were evaluated during the withdrawal period by the FST. Rats in the BER50 group had significantly decreased immobility time during the 5 min in the FST compared with those in the MOR group (p＜0.05; Fig. 2C ), indicating that 50 mg/kg BER administration decreased depression-like behavior. We next focused on "climbing behavior" [14] . Rats in the BER50 group had significantly restored climbing behavior during the 5 min in the FST compared with those in the MOR group (p＜0.05; Fig. 2D ). This finding indicated that BER administration significantly reduced depressionlike despair behavior. However, withdrawal from repeated morphine exposure did not lead to significant differences in swimming behavior among groups in the FST (data not shown). Immobility and climbing behavior in the BER50 group were comparable to those observed in the FLX group.
Effect of BER on morphine-induced anxiety-like behavior
Anxiety expressed as a decrease in open-arm exploration in the EPM test was analyzed. Rats were challenged in the EPM test 72 h after the last injection of morphine or saline (Fig. 3) . Rats displayed showed a significant decrease in both the percentage of time spent (Student's t-test, p＜0.01 ) and the number of entries (Student's t-test, p＜0.01) into the open arms of the maze 72 h after the last morphine injection compared with the SAL group. Conversely, statistical analysis revealed that the number of entries into the closed arms was not effected by withdrawal from repeated morphine exposure, as there were no significant differences among the groups (p=0.214; data not shown).
The effects of BER administration prior to morphine injection were evaluated during the withdrawal period using the EPM test. Rats in the BER50 group spent significantly more time in the open arms of the maze compared with those in the MOR group (p＜0.05; Fig. 3C ). Similarly, rats in BER50 group also had a significantly greater number of entries into the open arms of the maze compared with those in the MOR group (p＜0.01; Fig. 3D ). These finding indicate that 50 mg/kg BER administration significantly ameliorated anxiety-like despair behavior. Because no significant differences in the number of closed-arm entries was observed among groups in the EPM test, we suggest that the observed anxiety-like behaviors in morphine-treated rats could not be attributed to differences in locomotor activity. Furthermore, the percentage of time spent and number of entries into the open arms of the maze were comparable between the BER50 group and the FLX group.
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Effect of BER on morphine-induced CRF-and TH-like immunoreactivity
Following withdrawal from repeated morphine injection, CRF-like immunoreactivity was primarily detected in cell bodies of hypothalamic regions, including the paraventricular nucleus (PVN; Fig. 4 ). In the brains of the MOR group, the number of CRF immunoreactive neurons in the PVN was increased by 170.04%. Analysis of the number of CRFimmunoreactive neurons revealed a significant increase in CRF expression in the MOR group compared with those in the SAL group (p＜0.01). The number of CRF-immunoreactive neurons was significantly decreased in hypothalamic PVN regions in the BER50 group (p＜0.05) compared with those in the MOR group. TH-like immunoreactivity was also analyzed in the cell bodies of major noradrenergic regions, including the LC (Fig. 4) . In the brains of the MOR group, the number of TH immunoreactive fibers in the LC was increased by 142.98%. Analysis of the number of TH-immunoreactive neurons revealed that rats in the MOR group had a significant increase in TH expression compared with those in the SAL group (p＜0.001). The numbers of TH-immunoreactive neurons significantly decreased in central adrenergic regions of the BER50 group (p＜0.05) compared with those in the MOR group. This indicated that the repeated morphine administration withdrawal-induced increase in CRF-and TH-immunoreactivity was significantly restored by BER administration, and the number of CRF-and TH-immunopositive neurons in the BER50 group was similar to that in the FLX group.
Effect of BER on morphine-induced BDNF mRNA expression in the hippocampus
The effect of BER administration on BDNF mRNA expression was investigated in the rat hippocampus following withdrawal from repeated morphine injection using RT-PCR analysis (Fig. 5) . BDNF mRNA expression was normalized against glyceraldehydes-3-phophate dehydrogenase (GAPDH) mRNA, a housekeeping gene used as an internal control. BDNF mRNA expression in the MOR group hippocampus significantly increased compared with that in the SAL group (p＜0.01). The increased BDNF mRNA expression in the MOR groups was significantly restored in the BER50 group (p＜0.05). The recovery of the expression levels of BNDF mRNA in the BER50 group was comparable to that in the FLX group.
DISCUSSION
BER has multiple pharmacological activities and has been used for treating various psychosomatic and neurodegenerative diseases, such as oxidative stress and ischemia [15] . Although BER is known to be clinically effective in alleviating depression-related symptoms, the underlying mechanisms of BER's effects on depression-and anxietylike behavior during morphine withdrawal have not been fully characterized. Recently, several studies have shown that BER exerts antidepressant-like effects in various behavioral paradigms of despair and increases brain biogenic amines, such as norepinephrine, serotonin, and dopamine [16] , and alleviates β-amyloid (Aβ)-induced spatial memory impairment, and inhibits pro-inflammatory cytokines expression, such as interleukin (IL)-1β [17] . BER can penetrate the blood-brain barrier and reach the striatum, cortex, and hippocampus, and thus BER might act directly in brain nuclei to produce pharmacological effects [9] .
Our results clearly demonstrate that BER pretreatment prior to every morphine treatment significantly decreased the duration of immobility in the FST and increased openarm exploration in the EPM test following withdrawal from repeated morphine administration by modulating hypothalamic CRF and the noradrenergic system in the CNS. Thus, the results of our study support the possibility that BER has antidepressant and anxiolytic effects. Interestingly, we examined dose-dependent activity of BER (10, 20, or 50 mg/kg) and found that 50 mg/kg was most effective in inhibiting harmful effects induced by repeated morphine administration, such as depression-and anxiety-like behaviors, using the FST and EPM test. The optimal dose and usage determined in this study was also referred to a previous study [17, 18] . Additionally, on 3 rd morphine treatment day, a significant increase in the immobility in the FST and decrease in open-arm exploration time in the EPM test were observed compared with saline-treated controls. However, only small differences in FST and EPM behavioral tests were observed on days 1 and 2 after ending repeated morphine administration. The third day (day 3) of repeated morphine administration was thus found to be the optimal time to observe changes in depression-and anxiety-like behaviors. Based on these results, we concluded that BER pretreatment prior to every morphine treatment might inhibited development of morphine dependence, and has antidepressant and anxiolytic effects, and BER can be a powerful regulator of psychiatric side-effects and a potential therapeutic agent against disease.
The FST is a valuable and reliable behavioral research model of depression in rodents and an important tool to study neurobiological mechanisms involved in antidepressant responses [18] . The observed immobility behavior in the FST is similar to a state of lowered mood or helplessness and depression in humans [19] . Although the FST provides information about mood (i.e., depression and anxiety) in rodents, it is important to use caution when extrapolating the data to humans. Our results are consistent with previous findings showing that withdrawal-related behavior from repeated morphine administration increased immobility during the FST [20] . Also, BER administration significantly decreased immobility and increased climbing behavior in the FST. However, there was no effect on swimming time in the FST, which confirmed that the antidepressant-like activity was not caused by a motor function deficit [18] . Some studies have reported that immobility and climbing behavior in the FST are associated with the central noradrenergic system [21] . Also, many studies have suggested that morphine dependence and withdrawal show increases the number of TH positive neurons in the LC [22, 23] . Activation of the LC produces intense anxiety, hypervigilance and inhibition of exploratory behavior [24, 25] . It has been proposed that clinical anxiety or depression may be the result of alterations in the activity of the LC in central noradrenergic system [26] . Thus, our results suggest that the central adrenergic system is involved in the antidepressant effect of BER on despair-like behavior that persisted for 3 days in rats following withdrawal from repeated morphine administration. Anxiety is another complex feature of depression, and thus anxiety-like symptoms in chronically stressed animals are not surprising. Many studEffect of Bererine on Depression-Like Behavior
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ies have suggested that rats receiving repeated morphine administration show decreases in the proportion of time spent in and the number of entries into the open arms of the EPM compared with saline-treated controls [27] . Although the EPM is based on conflict and subsequent movement of an animal between an open and an illuminated environment and an aversive environment, the test includes two additional anxiety-provoking environmental parameters, height and an open area [28] . In the present study, BER administration prior to repeated morphine injections significantly reduced anxiety-like behaviors in the EPM test, as indicated by an increase in the percentage of time spent in and the number of entries into an open arm [29] . Accordingly, these results suggest that chronic BER co-treatment with morphine on withdrawal-related behaviors in response to development of morphine dependence has anxiolytic activity.
Previous studies have shown that increased CRF systems activity in the brain is involved in behavioral and physiological manifestations of drug withdrawal and in relapses to drug-taking behaviors in both animals and human clinical populations [30] . CRF contributes to the anxiogenesis and aversive symptoms of withdrawal from exposure to several drugs of abuse, including morphine [31] . Our data suggest that the CRF circuits in the hypothalamus were potently activated by morphine administration, and this activation might be responsible for inducing depression and anxiety related to morphine withdrawal [32] . Furthermore, our results showed that alterations in hypothalamic CRF underlie the antidepressant and anxiolytic activities of BER following withdrawal from repeated morphine administration in rats. Many studies have shown that morphine withdrawal induces hyperactivity of noradrenergic pathways and an increase in TH modulation in the LC [33] . TH is an enzyme involved in response to morphine withdrawalrelated psychopathological conditions, such as depression and anxiety [34] . Accordingly, TH expression in the LC is elevated following repeated morphine exposure and subsequent withdrawal, possibly due to long-term drug seeking or relapse in anticipation of drug discontinuation [35] . Therefore, our results are consistent with previous reports indicating that depression-and anxiety-like behaviors induced by morphine withdrawal are the result of alterations in the central noradrenergic system [36] . Thus, we demonstrated that BER is capable of attenuating complex behaviors involved in depression and anxiety via the modulation of the central noradrenergic system. Furthermore, some findings suggested that increased BDNF expression in the ventral tegmental area (VTA) produces long-lasting enhancement of cocaine seeking and locomotor stimulation during repeated cocaine administration [37, 38] . BDNF may drive synaptic changes underlying drug craving and drug-seeking behavior [39] . In the present study, BER pretreatment prior to every morphine treatment restored the decreased expression level of BDNF mRNA in the hippocampus and ameliorated depression-and anxiety-like behaviors in rats experiencing withdrawal from morphine administration. These findings indicate that BER might be effective in preventing patients with drug addiction from relapsing into drug-seeking while trying to quit, by relieving some of the discomfort of morphine withdrawal symptoms, such as anxiety and depression.
In summary, our results demonstrated that BER pretreatment prior to every morphine treatment reduced depression-and anxiety-like symptoms strongly associated with morphine discontinuation, probably by modulating hypothalamic CRF and the noradrenergic system in the CNS. Therefore, BER may be a useful compound in the development of alternative medicines for treating morphine withdrawal-related symptoms, such as depression and anxiety.
